**Core tip:** In this study, an expert system was designed for diagnosing diabetic neuropathy. This system can help specialists to diagnose the disease more quickly by using the most common diagnostic parameters. Even general practitioners can use this system in remote areas to improve the quality of care for patients with diabetes. With it, patients will no longer need to undertake complex procedures, and the care plan can be applied at the right time.

INTRODUCTION
============

One of the biggest challenges currently experienced by healthcare organizations is the increasing burden of chronic diseases posing serious threats to public health in developing countries\[[@B1]\]. Diabetes is one of the world's most common and costly chronic diseases, and the number of patients suffering from diabetes has been showing an increasing trend in many countries\[[@B2]\]. This can be attributed to population growth, aging, urbanization, prevalence of obesity, and a sedentary lifestyle\[[@B2],[@B3]\]. Long-term complications of diabetes develop gradually and might be disabling or life-threatening - for example, vascular and tissue injuries caused by the progression of diabetes can lead to serious complications, such as retinopathy, nephropathy, cardiovascular disease, cerebrovascular disease, peripheral vascular disease, metabolic disease, and diabetic foot ulcer\[[@B4],[@B5]\]. However, the most common complication of diabetes is impairment of the peripheral neural system, which is known as diabetic neuropathy and a major problem with different signs and symptoms. Compared with other diabetes complications, it is one of the first reasons for hospitalizing patients with diabetes\[[@B6]\]. The severity of pain, decreased or lack of sensation, increased risk of foot ulceration, and amputation are the consequences of diabetic neuropathy\[[@B7]\].

Diabetic peripheral neuropathy is usually seen in more than 10% of patients with type II diabetes. Early diagnosis and treatment is the first step to reduce the incidence of foot ulcers and amputations\[[@B8]\]. The main cost of this disease is related to organ amputation. The risk of lower extremity amputation in patients is significantly high in case of this disease. Nevertheless, almost 85% of amputations are preventable by early detection of the disease, early intervention, good control of diabetes, and patient education\[[@B9]\]. Moreover, several studies show that neuropathy may negatively affect the quality of life for patients with diabetes\[[@B10],[@B11]\].

Owing to the high prevalence of neuropathy among patients with diabetes, it is necessary to conduct annual screening and further evaluation as well as to devise a plan for managing the disease. However, one of the major problems associated with the diagnosis of diabetic neuropathy is the lack of a reliable clinical scale for grading the severity of the disease\[[@B12]\]. A variety of methods are used to detect peripheral neuropathy. These include the nerve conduction velocity test, the vibration perception threshold, the monofilament test, the clinical neuropathy examination, the Toronto clinical scoring system, and the Michigan neuropathy screening instrument (MNSI)\[[@B13]\]. Other than clinical examination, laboratory tests, such as haemoglobin A1c level, fasting blood sugar, and oral glucose tolerance test, along with risk factors like age, sex, renal disease, and smoking need to be considered\[[@B14]\].

It is notable that the boundary between illness and health is not clear in diabetic neuropathy, and it is difficult to express clinical diagnosis as the lack of or the existence of the disease. Since the disease develops on a continuous basis, two-valued logic cannot be used to express this continuity anymore\[[@B6]\]. Therefore, new methods for diagnosing the disease have been considered\[[@B15]\]. Among these methods, special attention has been paid to the development of information technology applications, decision support systems, and fuzzy expert systems\[[@B16],[@B17]\]. The fuzzy expert system is a new version of expert systems that uses fuzzy logic for data processing. In a fuzzy expert system, the inference is conducted by a set of membership functions and fuzzy rules rather than by the rules of two-valued logic\[[@B18]\]. The Fuzzy expert systems are used to describe uncertain phenomena because real-world phenomena are much more complex than an exact and absolute description\[[@B19],[@B20]\]. The ability to implement human science through specific linguistic concepts and fuzzy rules, non-linearity, adaptability of these systems, and the level of accuracy are the most important features of these systems\[[@B21]\]. Although fuzzy expert systems have been designed for different purposes in the healthcare setting, only a few studies have focused on the use of these systems with regard to the diagnosis of diabetic neuropathy\[[@B22]\].

MATERIALS AND METHODS
=====================

Objective
---------

To design a fuzzy expert system to categorize the severity of diabetic neuropathy based on clinical examinations and results of laboratory tests.

Setting, design, and sample size
--------------------------------

This study was completed in 2014. The study consisted of two main phases. In the first phase, the parameters required for the diagnosis of diabetic neuropathy were determined on the basis of the literature review\[[@B23],[@B24]\]. These parameters formed a questionnaire to investigate specialists' views about the importance of each of them. In the second phase, the system was tested by using real data. In the first phase, eight endocrinologists participated in the study. Owing to the limited number of specialists, no sampling method was applied in this phase. In the second phase, 244 medical records were identified from a database located in an endocrinology and metabolism research centre. These records were related to those patients who visited the centre during the first six months of 2014 and who were primarily diagnosed with diabetic neuropathy.

Methods for data collection and distribution
--------------------------------------------

The questionnaire was distributed among the specialists by one the researchers (MRK), and their views on the importance of the diagnostic parameters were investigated. In second phase, a form was used to extract the required data from the medical records.

Development of the questionnaire
--------------------------------

As noted before, the questionnaire was designed based on the literature review\[[@B23],[@B24]\]. It comprised two parts: The first part included the specialists' demographic information, such as age, gender, and work experience; the second part was designed based on a five-point Likert scale (5 = very important, 4 = important, 3 = relatively important, 2 = less important, 1 = unimportant) and consisted of 15 questions to identify the degree of importance of each diagnostic parameter. The face and content validity of the questionnaire was approved by experts in the field of endocrinology. Its reliability was confirmed by using the test-retest method (α = 0.9).

Statistical analysis
--------------------

A data analysis was performed by using SPSS (version 20.0) software, and parameters with a mean score of less than three were excluded to facilitate the process of writing fuzzy rules. To test the system, the sensitivity, specificity, and accuracy of the fuzzy expert system were measured and compared with the final diagnosis recorded in the database. Cohen's kappa coefficient and the receiver operating characteristic (ROC) curve were used to report data.

Participants and recruitment
----------------------------

Before conducting the research, the approval of an institutional review board was obtained. In the first phase, the target population comprised endocrinologists working in an endocrinology and metabolism research centre. They were contacted by one of the researchers (MRK) and the research facilitator (MM), and were invited to take part in the study. Their participation in the research was completely voluntary. Regarding the medical records, patient identities were excluded and only the required data was extracted so that it can be used in the process of evaluation.

RESULTS
=======

Participants
------------

As noted before, the first part of the questionnaire included the participants' demographic information. According to the results, most of the participants were men (*n* = 5, 62.5%) aged between 30-50 years. The highest frequency (*n* = 3, 37.5%) was related to the age group of 46-50 years and the specialists with more than 16 years of work experience.

Diagnostic parameters for diagnosing diabetic neuropathy
--------------------------------------------------------

The second part of the questionnaire was related to the diagnostic parameters required for diagnosing diabetic neuropathy. This part included the duration of diabetes, the symptom assessment based on MNSI, the sign examination based on MNSI, and the related laboratory tests. Table [1](#T1){ref-type="table"} presents the specialists' views in relation to the importance of the aforementioned diagnostic parameters.

###### 

The degree of importance of the diagnostic parameters for diagnosing diabetic neuropathy from the specialists' perspectives

  **Degree of importance**           **Unimportant (1)**   **Less important (2)**   **Relatively important (3)**   **Important (4)**   **Very important (5)**   **Mean ± SD**
  ---------------------------------- --------------------- ------------------------ ------------------------------ ------------------- ------------------------ ---------------
  Duration of diabetes               0                     0                        0                              1 (12.5%)           7 (87.5%)                4.88 ± 0.35
  Symptom assessment based on MNSI   0                     0                        1 (12.5%)                      5 (62.5%)           2 (25%)                  4.13 ± 0.64
  Sign examination based on MNSI     0                     0                        0                              5 (62.5%)           3 (37.5%)                4.38 ± 0.51
  HbA1c                              0                     0                        1 (12.5%)                      2 (25%)             5 (62.5%)                4.50 ± 0.75
  CBC                                1 (12.5%)             3 (37.5%)                4 (50%)                        0                   0                        2.38 ± 0.74
  FBS                                0                     0                        0                              6 (75%)             2 (25%)                  4.25 ± 046
  ESR                                1 (12.5%)             3 (37.5%)                3 (37.5%)                      1 (12.5%)           0                        2.52 ± 092
  Oral GTT                           1 (12.5%)             4 (50%)                  1 (12.5%)                      2 (25%)             0                        2.50 ± 1.06
  Albuminuria                        0                     1 (12.5%)                1 (12.5%)                      4 (50%)             2 (25%)                  3.88 ± 0.99
  TSH                                2 (25%)               1 (12.5%)                3 (37.5%)                      2 (25%)             0                        2.63 ± 1.18
  B12 Vitamin                        2 (25%)               1 (12.5%)                1 (12.5%)                      4 (50%)             0                        2.88 ± 1.35
  BUN                                1 (12.5%)             3 (37.5%)                3 (37.5%)                      1 (12.5%)           0                        2.38 ± 0.91
  BCr                                0                     1 (12.5%)                2 (25%)                        5 (62.5%)           0                        3.50 ± 0.75
  Calcium                            2 (25%)               1 (12.5%)                4 (50%)                        1 (12.5%)           0                        2.50 ± 1.06
  Phosphorus                         2 (25%)               3 (37.5%)                3 (37.5%)                      0                   0                        2.13 ± 0.83

BCr: Blood Creatinine; BUN: Blood urea nitrogen; TSH: Thyroid-stimulating hormone; GTT: Glucose tolerance test; ESR: Erythrocyte sedimentation rate; MNSI: Michigan Neuropathy Screening Instrument; HbA1c: Hemoglobin A1c; CBC: Complete blood count; FBS: Fasting blood sugar.

As Table [1](#T1){ref-type="table"} shows, from the specialists' point of view, the most important diagnostic parameters were the duration of diabetes (4.88 ± 0.35), the glycolysis haemoglobin level (4.50 ± 0.75), and the score of the sign examination based on the Michigan questionnaire (4.38 ± 0.51). The lowest degree of importance (2.13 ± 0.83) was related to the amount of phosphorus in blood. After determining the diagnostic parameters of diabetic neuropathy, the semantic network of the expert system was drawn (Figure [1](#F1){ref-type="fig"}).

![The semantic network of the expert system. MNSI: Michigan Neuropathy Screening Instrument.](WJD-8-80-g001){#F1}

Designing a fuzzy expert system
-------------------------------

As can be seen in the above figure, the ultimate goal, namely diagnosing diabetic neuropathy, is shown in the centre, and the diagnostic parameters are in the leaf nodes. In order to design the fuzzy expert system, all input variables were fuzzified based on membership functions. The system had seven input variables: The duration of diabetes, the score of the symptom examination based on the Michigan questionnaire, the score of the sign examination based on the Michigan questionnaire, the glycolysis haemoglobin level, fasting blood sugar, blood creatinine, and albuminuria. The system also had one output variable, which was the severity of diabetic neuropathy. The rules of the expert system were written based on the semantic network, consulting a specialist, and giving the same weight to all rules. The inference engine of the system was designed by using the Mamdani inference method. Figure [2](#F2){ref-type="fig"} provides an overview of the fuzzy inference architecture of the system.

![An overview of the fuzzy inference architecture of the system.](WJD-8-80-g002){#F2}

Finally, the graphical user interface of the expert system was designed by using Active Server Page. Network Enabled Technology (ASP.NET). It is an open-source server-side web application framework designed for web development to produce dynamic web pages (Figure [3](#F3){ref-type="fig"}). The input variables, such as the duration of diabetes, the results of laboratory tests, and scores obtained from the Michigan questionnaire, could be entered into the system manually either in the textual or in the numerical format based on the user's choice. The output variable, namely the severity of the disease, which was shown as a number between zero and 10, had been divided into four categories: absence of the disease, (the degree of severity) mild, moderate, and severe. Figure [4](#F4){ref-type="fig"} shows the risk of diabetic neuropathy based on the scores obtained from the Michigan questionnaire.

![The graphical user interface of the fuzzy expert system.](WJD-8-80-g003){#F3}

![The risk of diabetic neuropathy based on the scores of the Michigan Neuropathy Screening Instrument questionnaire. MNSI: Michigan Neuropathy Screening Instrument.](WJD-8-80-g004){#F4}

According to Figure [4](#F4){ref-type="fig"}, by increasing the scores obtained from the Michigan questionnaire, the severity of diabetic neuropathy will increase accordingly.

System function evaluation
--------------------------

The system was tested by using real data. In total, the records of 244 patients with diabetic neuropathy were identified. However, 31 records were excluded due to the incompleteness of clinical data. The remaining records (*n* = 213) included 118 patients who were diagnosed with diabetic neuropathy, while diagnosis was ruled out for the rest (*n* = 95). The system function was tested in terms of sensitivity (true positive rate), specificity (true negative rate), and accuracy (proportion of the true results, both positive and negative), which were 89%, 98%, and 93%, respectively.

Finally, the system's output was compared with the final diagnoses made by the specialists and recorded in the patients' records. These diagnoses were made by using the nerve conduction velocity test, the vibration perception threshold, the monofilament test, and the clinical neuropathy examination. The comparison was conducted by using the Kappa coefficient and the K value was 0.6. According to Landis and Koch, a Kappa value between 0.4 and 0.75 shows a fair to good agreement\[[@B25]\]. Therefore, the system designed in this study showed a fair to good level of similarity between the system's function and the specialists' diagnoses. The ROC curve presents the results of testing the system (Figure [5](#F5){ref-type="fig"}).

![The receiver operating characteristic curve.](WJD-8-80-g005){#F5}

As can be seen in the above figure, the ROC curve is ideal. It is close to the high point of the square that represents an appropriate function of the system.

DISCUSSION
==========

As mentioned before, one of the most common long-term complications of diabetes mellitus is diabetic neuropathy. In order to control this complication, it is important to diagnose it both accurately and timely\[[@B10]\]. Although there are a variety of methods to detect the disease, it is difficult to diagnose it at the very early stage\[[@B13]\]. Therefore, the use of IT applications, such as fuzzy expert systems, is suggested.

In the present study, seven diagnostic parameters-the duration of diabetes, the symptom assessment, the sign examination based on the MNSI, the glycolysis haemoglobin level, fasting blood sugar, blood creatinine, and albuminuria-were considered as input variables, and the severity of diabetic neuropathy was considered as an output variable. These variables were selected based on the specialists' perspectives and the literature review. Similarly, the knowledge and experience of four experts in the field of diabetic neuropathy was investigated in the study conducted by Picon et al\[[@B22]\] to determine the diagnostic parameters and to design a knowledge-based system. In their research, four inputs variables included symptom, the sign assessment based on the Michigan questionnaire, the glycolysis haemoglobin level, and the duration of diabetes. The output of the system classified the severity of diabetic neuropathy in three categories: Mild, moderate, and severe. In contrast with the study of Picon et al\[[@B22]\] the number of input variables increased in the current research and laboratory test results were included to improve the accuracy of diagnosis. Similarly, Neshat et al\[[@B26]\]'s study considered six input variables and one output variable to diagnose liver disorders. To diagnose heart ailments, Adeli et al\[[@B27]\] used 12 input variables and considered the diagnosis of heart diseases as the output variable.

In the present study, values between zero and 10 were considered for the output variable, which was the severity of diabetic neuropathy. An increase in the value of output variable showed the level of severity for diabetic neuropathy.

In the current study, the fuzzy sets and membership functions for each of the seven input variables and the output variable were finalized after consulting a specialist. This approach can help eliminate the rules that could be covered by other rules, and finally, 76 rules were used to design the system. Similarly, DoostHoseini et al\[[@B28]\] consulted doctors to reduce the number of rules to an appropriate number. In another study, Zolnoori et al\[[@B29]\] developed a fuzzy expert system for diagnosing asthma. Given that the patients' records were incomplete, an indirect approach was used to develop the system's knowledge base. In this approach, the researchers reviewed books and scientific papers, and also conducted structured and unstructured interviews with doctors and patients. Having analysed the data, the most important variables useful for diagnosing asthma were identified.

In the present study, the system interface was designed by using ASP.NET rather than matrix laboratory (MATLAB). In fact, web-based applications have more flexibility and can be used by multiple users at the same time. Ease of use is another feature of these systems, which, in turn, can increase the work efficiency.

In this study, the output of the system was divided into four categories: The absence of the disease, mild, moderate, and severe. In contrast, Picon et al\[[@B22]\] classified the severity of neuropathy into three categories: Mild, moderate, and severe. Moreover, the specificity and sensitivity of the system were not reported in their study. In the current study, the specificity of the system was 98%, which shows a high level of system performance. Also, there was a relatively good agreement between the system's function and the diagnoses recorded by the specialists. Although other methods of diagnosis were not considered in the current study, the specificity and sensitivity of the system highly suggested that such a system could help physicians to diagnose the disease more quickly by using parameters like results of laboratory tests.

In the current study, the main aim was to develop an expert system for diagnosing diabetic neuropathy. Therefore, the clinical effectiveness of the system was not evaluated due to resource restrictions. Conducting evaluation studies after implementing the system in the actual healthcare setting would help determine the impact of the system on the health status of patients.

In conclusion, an expert system was designed for diagnosing diabetic neuropathy in this study. As diabetic neuropathy is a chronic disease that may have serious consequences, early diagnosis of the disease is important to control it. The system designed in the current study could help specialists to diagnose the disease more quickly by using the most common diagnostic parameters. General practitioners can use such a system in remote areas to improve the quality of care for patients with diabetes. With it, the disease can be diagnosed more easily and quickly. There is no need to undertake complex procedures, and the care plan can be applied at the right time. Further research is suggested to increase the number of variables to improve the accuracy, sensitivity, and specificity of the system. Moreover, the feasibility of using this method in daily clinical practice and its impact on the efficiency and cost-effectiveness compared to those of other methods need to be investigated in future studies.

COMMENTS
========

Background
----------

One of the major problems associated with the diagnosis of diabetic neuropathy is the lack of reliable clinical scale for grading the severity of the disease. A variety of methods, such as the nerve conduction velocity test, the vibration perception threshold, and the monofilament test, are used to detect the peripheral neuropathy. In addition to clinical examination, laboratory tests and risk factors of the disease such as age, sex, renal disease, and smoking need to be considered.

Research frontiers
------------------

Since the disease usually develops on a continuous basis, two-valued logic cannot be used to express this continuity any more. Therefore, new methods for diagnosing the disease have been considered. Among these methods, the development of information technology applications, decision support systems, and fuzzy expert systems have received special attention.

Innovations and breakthroughs
-----------------------------

In order to diagnose diabetic neuropathy, clinical examinations as well as results of laboratory tests like the haemoglobin A1c level, fasting blood sugar, and the oral glucose tolerance test should be considered. In this study, information technology was used to design a fuzzy expert system to diagnose the severity of diabetic neuropathy based on clinical examinations and laboratory tests.

Applications
------------

The system designed in the current study can help specialists to diagnose the disease more quickly by using the most common diagnostic parameters. General practitioners, too, can use it in remote areas to improve the quality of care for patients with diabetes. With it, the disease can be diagnosed more easily and quickly. There is no need to undertake complex procedures, and the care plan can be applied at the right time.

Terminology
-----------

The fuzzy expert system is a new version of expert systems that uses fuzzy logic for data processing. A fuzzy expert system is used to describe uncertain phenomena because the real-world phenomena are much more complex than an exact and absolute description. The most common complication of diabetes is impairment of the peripheral neural system, which is known as diabetic neuropathy.

Peer-review
-----------

This is interesting and important paper for diagnosis of diabetic complications. The paper is well-written and focused.
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